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Semiconductor metal nanocavity lasers and light emitting diodes together with 
novel modal cutoff confinement light emitters are investigated for optical 
interconnection application in future dense photonic integrated circuits. Several 
different cavity structures are designed, processed, and characterized, and 
demonstrate operation with current injection at room temperature. We first 
examined metal-cavity quantum-dot surface-emitting micro-lasers. Different sizes 
of metal-DBR cavities are fabricated with cavity volume reduction both in the 
lateral and vertical dimensions following our theoretical design rules to optimize 
the performance. One of the smallest electrical injection lasers is demonstrated 
with a minimum diameter of 1-μm and a minimum hybrid DBR-Ag mirror of only 
5.5 pairs. From the analysis of various sizes of diameter devices, it is found that 
self-heating is significant in the smaller diameter devices due to both the higher 
series resistance and higher threshold gain leading to a high carrier density. 
   For the further cavity volume reduction, we have designed, fabricated, and 
characterized metal-encapsulated nano-light-emitters with bulk semiconductor in 
the active region. The first principal design rule is used to estimate the fundamental 
mode resonance and threshold condition. The result based on this design rule 
agrees very well with the numerical three-dimensional calculation. The device 
recipes have been developed through multiple iterations from the device 
characterization. The smallest metal cavity diode emitter with electrical injection is 
0.086 λ03 in terms of emitting wavelength at room temperature. It is shown that the 
series resistance of metal-encapsulated nanocavities is much smaller than the metal 
 iii
coated VCSEL, suppressing the heat generation for the small diameter devices. The 
fabrication improvement shows a narrow linewidth cavity mode in the metal 
nanocavity with a volume of 1.23 λ03 at room temperature.    
   To solve the problem of the high radiation loss caused by a metal mirror, we 
proposed novel nano/micro-cavities edge-emitting laser using the mode-cutoff 
reflection of the fundamental TE mode from a metal-semiconductor-metal (MSM) 
region. The devices are examined by multiple aspects for their function, both 
qualitatively from the principle of operation and quantitatively from the analytical 
study of reflection coefficient and numerical simulations by the 2D and 3D models 
for practically designed devices. The numerical simulations including the metal 
loss suggest that room temperature lasing with a reasonable threshold material gain 
is achievable. We have also developed processing recipes to fabricate the device 
without any semiconductor dry-etching process. The preliminary electrical and 
optical characterizations of the proposed devices are performed showing excellent 
I-V characteristics with a thin hetero-junction diode. The light output curve shows 
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INTRODUCTION TO NANOLASERS 
 
1.1  Motivation 
   Semiconductor lasers have contributed significantly to our society by enabling 
long-haul telecommunications in world-wide internet connections. Other 
applications include the DVD players, printers, optical mouses, range finders, 
barcode readers, laser surgery and so on. Without semiconductor lasers’ capability 
of high speed signal modulation and dense wavelength division multiplexing 
technology, today’s information society would be impossible. Today, optical 
communications range from long distance to short distance, such as 
super-computer nodes, rack-to-rack, and board-to-board high data rate 
communications. Recently, optical interconnects for chip-to-chip communication 
or even intra-chip communications have been intensely studied as a solution to 
existing copper wire transmission lines [1-3]. Optical interconnects have several 
advantages over electrical signal transceivers, such as signal latency for short 
distance communications, high bandwidth per channel, scalable architecture with 
wavelength division multiplexing, absence of bandwidth dependent loss, low 
crosstalk, and no impedance matching terminating problems. As the technology 
nodes shrink in size each year, leading companies in the electrical chip industry 
have already developed integrated optical transceivers for the future shortcomings 





Figure 1.1 Prediction of the number of optical channels and floating-point operations per 
second (FLOPs) in high performance computers (HPC) in the near future by IBM. As 
processing power increases exponentially, millions of optical channels become necessary 
(IBM). 
 
   As the optical link is used in the compact systems such as on-board or on-chip 
interconnect solutions, lasers need to satisfy the application criteria such as easy 
integration, ultra-small footprints, low energy consumption, and operation at room 
temperature. The conventional edge emitting semiconductor lasers widely used in 
telecommunications industry are over 100 μm in length, which is too large for 
integrated optical interconnection. Today, 2D arrayed vertical-cavity 
surface-emitting lasers (VCSELs) are widely used for dense optical light sources 
for their small footprints and low manufacture cost. The typical mesa sizes are 
generally a few tens of micrometers. Figure 1.1 shows prediction of the necessary 
number of optical channel and floating-point operations per second (FLOPs) in 
high performance computers (HPC) from IBM. As computer processing power 
increases exponentially, millions of lasers need to be integrated soon. As this trend 
continues, optical sources need to be integrated with processors from module level 





Figure 1.2 Dense arrays of nanocavities fabricated in our laboratory. Nanolasers will have 
numerous applications including optical interconnect, bio-sensors, and optical processors.  
 
The small footprint semiconductor nanolaser will be the key component in the 
future optical interconnects systems due to its easier integration to CMOS, 
electrical pumping operation, and high bandwidth capability. The miniaturization 
of laser cavity itself has numerous advantages over conventional lasers. Power 
consumption per bit is significantly reduced due to small cavity volume, which is 
crucial to replace copper transmission line in CMOS [1, 3]. Optical modulation 
speed is expected to be improved in nanocavity for enhanced Purcell effect on 
spontaneous emission [5-8]. 
   Figure 1.2 shows scanning electron microscopy images of dense arrayed 
nanocavities fabricated in our laboratories. Other than optical interconnect 
applications, there are many possible applications of nanolasers. One example is 
biosensing using plasmonic nanolasers for improved detection resolution, 
sensitivity, and enhanced nonlinear spectroscopy [9]. Other interesting 
applications are using nanolasers as optical logic gates for digital photonics [10] 
or dense array of nanolasers for massively parallel processing systems [11]. In a 
4 
 
rapidly changing technology driven society, only our imagination can limit the 
possibilities of nanolasers applications. In this work, we target metallic 
nano/micro-cavity lasers for ultra-small volume optical interconnection solutions 
for the next generation integrated chips. 
 
1.2  State of the Art 
   In recent years, there have been significant efforts to reduce the size of 
semiconductor lasers. One of the approaches is using photonic crystals for 
nanocavities [12-13]. However the lateral confinement of the optical cavity 
usually requires a number of photonic crystal periods, making it hard to ultimately 
shrink the device size to something comparable to the optical wavelength. On the 
other hand, metal is used for plasmonic mode lasing in nanowires [14], and gold 
particle spaser lasers [15]. These devices demonstrate lasing in deep 
sub-wavelength dimension beating the well-known diffraction limit (λ0/2n). 
However, they are optically pumped and have serious challenges for practical 
applications, including controlling device positioning and integration due to 
bottom up fabrication. Recently, metallic nanocavity semiconductor lasers 
fabricated by top-down approach have been intensively studied. Figure 1.3 shows 
a summary of the state-of-the-art metallic semiconductor nano/micro-lasers 
plotted for the cavity volume as a function of operating temperature. From the 
work by M. Hill et al. [16] demonstrating sub-wavelength electrical injection 
lasers at 77K in 2007, several groups have demonstrated metallic nanocavity 
lasers [16-23]. The key idea is using a high reflective metal for better optical 
confinement cavity. At cryogenic temperature,  





























































































































1.3  Thesis Overview 
   For practical applications, it is important that nanocavity lasers operate with 
electrical injection at room temperature. Thus, all our devices are designed and 
fabricated strictly following these constraints. Figure 1.4 shows the summary of 
the devices in this thesis. The dissertation first demonstrates metal-cavity 
quantum-dot (QD) surface-emitting micro-lasers in Chapter 2. The strategy is to 
reduce the cavity volume of VCSEL both in lateral and vertical direction by using 
metal for better optical confinement and strong reflection. The QD gain is used in 
an active layer to suppress the surface recombination and better thermal property. 
We discuss the cavity design rules, processing steps, and performance of various 
sizes of lasers. Single mode lasing performances, thermal property, and the cavity 
volume scaling law are discussed. In Chapter 3, metal-encapsulated cavity light 
emitters are studied for further cavity volume reduction. We designed, processed 
and characterized several cavities with different resonant modes. One of the 
challenges in metal-encapsulated lasers is cleanroom processing for the 
defect-free cavity and electrical isolation between the anode and cathode contacts. 
Challenges and improvements of device fabrication are discussed with 
comparison of device performances. Finally, novel edge-emitting nanocavity 
lasers are proposed in Chapter 4. The device is designed to overcome the high 
mirror loss and metallic loss in metal-encapsulated nanocavities. In this device, 
metal is not used as incident light reflector, but it is used to form the modal cutoff 
structure for strong feedback without much optical field overlap in metal. The 
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METAL-CAVITY QUANTUM-DOT SURFACE EMITTING 
MICRO LASERS 
 
2.1  Overview 
   Since the first demonstration of the surface-emitting semiconductor lasers with 
a pulsed injection at 77K in 1979 [1], vertical cavity surface-emitting lasers 
(VCSELs) have attracted much research and development effort for various 
applications. Compared with semiconductor edge-emitting lasers, VCSELs 
successfully reduced the manufacturing cost largely due to the small footprint of 
the devices and in-situ device testing during processing. AlGaAs/GaAs 
semiconductor compound materials offer excellent refractive index contrast 
without lattice strain, which is suitable for high reflectivity in distributed Bragg 
reflectors (DBRs). Further, the use of AlAs oxidation allows for a small aperture 
for carrier and optical confinement of only a few μm diameter devices [2]. Among 
the commercially available semiconductor lasers, VCSELs have the smallest 
cavity volume. Due to the small current density and surface emitting geometry 
with two-dimensional arrays, VCSELs are a promising candidate for high speed 
optical interconnects in future photonic integrated circuits.  
   In this chapter, we study metal-cavity surface emitting lasers (MCSELs). For 
future dense photonic integrated circuit, not only the active area of the lasers, but 
also the device mesa area, becomes important. In order to increase the integration 
11 
 
density, MCSELs confine the optical mode laterally with sidewall metal coating 
and vertically with hybrid mirrors which enhance DBR reflectivity with metal 
[3-6]. Sidewall metal coating can increase the device density by eliminating the 
mesa structure and suppressing optical crosstalk among the neighboring devices in 
dense laser arrays. In addition, metal coating close to the active region is expected 
to remove the heat more effectively [5].  In earlier work on MCSELs, multiple 
quantum-well (QW) layers are used as the gain material performing electrical 
injection continuous-wave lasing at room temperature [3-6]. In this work, we used 
sub-monolayer (SML) quantum dots (QDs) for reducing the surface non-radiative 
recombination by lateral carrier confinement, for less temperature sensitive gain, 
and for low chirp in high-speed modulation applications. We show the concept of 
the design rules, optimization, and scaling laws of MCSEL cavity volume along 
both lateral and vertical directions. We then demonstrate the device fabrication 
and characterization of various sizes of MCSELs and show comparison with our 
theoretical results. 
 
2.2  Device Structures and Design 
2.2.1 Device Structure 
   The device schematic of MCSEL is shown in Fig. 2.1. The epiwafer structure 
was grown by molecular beam epitaxy (MBE) with an active medium consisting 
of three groups of InGaAs SML quantum dots spaced by a 13-nm-thick GaAs 
layer [7-9].  Each group consists of ten layers of stacked SML quantum dots 
formed by depositing 0.5 monolayer (ML) InAs capped by 2.2 ML GaAs in each 
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in both the lateral direction (diameter of the post) and the vertical direction 
(number of top DBR pairs). Light output is collected either from the top through 
the hybrid DBR-metal mirror or from the bottom DBR after substrate removal and 
flip-chip bonding to silicon substrate. 
 
2.2.2 Quantum-Dot Gain Medium 
   Quantum dots (QDs), due to their delta-function-like density of state, can 
realize lasers with temperature-insensitive threshold [10]. Moreover, it has been 
shown that three-dimensional carrier confinement in semiconductor QDs enables 
high differential efficiency [11], superior threshold characteristics [12], and small 
signal modulation bandwidth as high as 11 GHz [13-14]. InAs QD lasers have 
been extensively studied as a high performance optical source for 1.3 µm optical 
communication systems. Infinite [15] or negative [16] characteristic temperatures 
have been demonstrated near room temperature.  
   In micro- and nanoscale pillar lasers, cavity loss becomes larger as cavity 
volume shrinks due to optical loss from metal and short cavity radiation. Thus, 
high gain in active layer is the key to design the micro- and nanopillar MCSEL. In 
micro- and nano-size etched pillar, dry-etching sidewall surface has many carrier 
trapping sites due to dangling bonds generated from the dry etching process, and 
impurity atoms which are embedded from reacting atoms during plasma etching. 
These undesired sites trap electrons or holes causing non-radiative recombination. 
In active region, the surface to volume ratio becomes 
( )
( )/ 2





π= = =    (2.1) 
where t is the active layer thickness and D is the pillar diameter. As the 
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2.2.3 Cavity Design 
   The cavity design of MCSEL is similar to traditional VCSEL devices, except 
that there are some design rules which need special attention. First, metal coating 
on top of the distributed Bragg reflector (DBR) significantly affects the phase of 
standing-wave pattern as well as the resonant wavelength. The perturbation 
becomes especially significant for the short cavity devices with a reduced number 
of DBR pairs. The second is lateral size reduction of the cavity. As the diameter of 
the cavity becomes smaller, the effective index becomes smaller due to optical 
mode penetration into both the SiNx cladding layer and the metal. The resonant 
wavelength blue shift needs to be taken into account for small diameter devices. 
Also, the sidewall metal coating induces additional propagation loss, especially to 
higher order transverse modes.  
   To understand the design rule for the metal-cavity VCSEL, we start by 
reviewing the basics of VCSEL cavity and DBR mirrors. Figure 2.3 shows the 
refractive index profiles around the cavity of our device with the magnitude of the 
longitudinal standing-wave pattern of the electrical field calculated by the transfer 
matrix method. The cavity has cladding materials of Al0.3Ga0.7As, three groups of 
QD active layer, and one oxidation layer for a total length of 3λ/(2n) with a 
resonant wavelength 981.5 nm with the large diameter devices. The active QD 
layers are positioned to the center peak of the standing wave. The AlAs oxidation 
layer is positioned near the node of standing-wave pattern to minimize the 
scattering. In the metal-coated VCSEL, the scattering is reduced by the 
well-defined metal shell.  
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   Figure 2.4 shows the basic idea of DBR mirrors. The DBR consists of 
quarter-wavelength alternative layers of different refractive index. Let us consider 
the incident wave from the cavity (left to right) partially reflected at each interface 
layer. For a normally incident plane wave, the reflection coefficient from low 
index to high index (GaAs) is 
( ) ( ) 0
( ) ( )AlGaAs GaAs
n AlGaAs n GaAsr
n AlGaAs n GaAs→
−= <+ .  (2.2) 
The reflection coefficient is negative. Thus, the partial reflection from “cavity to 
the 1st GaAs layer” and “AlGaAs layer to GaAs layer” in Fig. 2.4 has a 180o phase 
shift by reflection. Note that the wave-vector k changes direction by reflection. 
The phase angle is defined in the right bottom of Fig. 2.4. On the other hand, the 
reflection coefficient from the high index (GaAs) to the low index (AlGaAs) is  
( ) ( ) 0
( ) ( )AlGaAs GaAs
n GaAs n AlGaAsr
n GaAs n AlGaAs→
−= >+ .  (2.3) 
The reflection coefficient is positive and the wave phase does not change by 
reflection. Three layers of partial reflections are illustrated in Fig. 2.4 showing all 
reflected waves are in phase, and a constructive interference to form the resonant 
standing-wave pattern. An important observation is that the standing wave forms a 
node when wave is incident from the low index layer to the high index layer while 
it becomes a peak when the wave is incident from the high index layer to the low 
index layer.  
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non-zero field at the mirror axis. On the other hand, the standing-wave pattern in 
Fig. 2.7(b) has a valid field pattern with a node at the mirror axis. Since the 
standing wave in the original cavity and the interface cavity has a phase shift of 
45o, these two resonant fields interfere with each other and construct an envelope 
function with two peaks as observed in Fig. 2.6(b). 
   The metal effects on top of the reduced number of DBR pairs suggest 
interesting applications other than MCSEL. According to our transfer matrix 
method calculation, the threshold gain of 5.5-DBR-pairs device is 4,162 cm-1, 
whereas the 6-DBR-pairs device is 39,235 cm-1, both with the 35 nm top silver 
layer. This strong contrast of threshold gain is particularly interesting to 
discriminate the higher order modes in high power single-mode VCSEL 
applications. Due to strong phase perturbation from the metal, this device may be 
able to outperform the air interface surface relief method [18]. 
 
2.2.4 Size Dependent MCSEL Model 
   To model the cavity dependence of MCSEL, we separated the problem into 
two parts; one is a two-dimensional cross-sectional plane and the second part is 
along the vertical direction propagation. Due to the well-defined circular 
waveguide cross section with a metallic sidewall, the metal plasmonic effect, 
modal dispersion, and the effective index can be obtained by solving the 
Maxwell’s equations. Figure 2.8(a) inset shows the cross-sectional view of the 
metal cavity laser. The refractive index profile contains the radial material 
distribution information in cylindrical layers.  The propagation constant kz of the 
vector mode of the Maxwell’s equations for a cylindrical waveguide should be 
solved starting from the wave equation for the longitudinal Ez and Hz components: 
22 
 
2 2 2 2
0( ( ))t z z zn k E k Eρ⎡ ⎤∇ + =⎣ ⎦     (2.4) 
where a similar equation holds for the Hz component.  The effective index neff of 
the guided mode and the modal (intensity) absorption loss αi are obtained from 
the propagation constant of the mode: kz = k0 neff  + i αi /2, where k0 is the free 
space wave number. All other transverse electrical and magnetic field components 
are obtained from the Maxwell’s equations and matching the boundary conditions 
at each interface. The transfer matrix method is used to design the thickness of the 
layered structure and to predict the resonance wavelength [19]. To include both 
the material and modal dispersions, the complex effective index solved from Eq. 
(2.4) has to be used in the transfer matrix method. The resonance condition occurs 
when the total round-trip phase condition is satisfied:  
( ) ( ) ( ), 02 2DBR eff a DBR Agn k L mλ φ λ φ λ π−Φ = + + =    (2.5) 
where φDBR(λ) and φDBR-Ag(λ) are the phase of reflection coefficient of the bottom 
DBR and top hybrid DBR/Ag mirror, respectively; neff,a is the real part of the 
averaged effective index in the active region; L is the cavity length; λ is the 
wavelength; k0 = 2π/λ is the wave number in free space; and m is an integer.  
   For a fixed DBR structure, a strong modal dispersion occurs when the device 
dimension approaches the wavelength scale. To avoid a large detuning between 
the peak gain and cavity resonance wavelengths, the stop band of the DBR should 
be designed to have a reasonable bandwidth. Figure 2.8(a) shows the reflection 
spectra of the bottom 20.5 DBR pairs as a function of the device diameters. The 
calculation is based on the HE11 mode. The reflection spectra experience a 
spectral shift toward the shorter wavelength due to the smaller effective refractive 
index from SiNx layer and severe modal dispersion at smaller diameters of the 
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         (2.6) 
where r is the position vector, Va is the volume of the active region (three groups 
of quantum dot stacks in this example) with the subscript a representing the active 
region, ε(ω,r) is the relative permittivity, εg(ω,r)=∂Re[ω ε(ω,r)]/∂ω is the “group 
permittivity”, E(r) represents the electric field distribution. The threshold material 





ω= Γ                               (2.7) 
with vg representing the group velocity and Q as the overall quality factor . 
   To estimate the number of required DBR pairs for a laser action, the effective 
threshold material gain of each group (layer) of quantum dots for various numbers 
of DBR pairs plus 35-nm silver is plotted in Fig. 2.9(a). The threshold material 
gain decreases dramatically when the number of DBR pairs changes from 5.5 
pairs to 10.5 pairs and approaches 1,500 cm-1 for larger numbers of DBR pairs. 
The saturation implies that the major loss comes from the bottom DBR mirror.  
Decreasing the number of DBR pairs will also improve the energy confinement 
inside the cavity due to the truncation of the optical field by the highly reflective 
metal. Figure 2.9(b) shows the wavelength shift and quality factor as a function of 
the number of DBR pairs. As a result of removing a few pairs of DBR 
(corresponding to 2mπ round trip-phase), the resonance wavelength has a minimal 
change. The quality factor decreases significantly when the number of DBR pairs 
is 5.5.  
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of DBR with the top silver contact. This wet etching also removes the top surface 
of the device, which could potentially be damaged from the excessive Freon dry 
etching. Silver evaporation by e-beam is used to cover the whole structure. The 
top silver was made thin (~ 35 nm) to allow a reasonable light output. Figure 
2.13(a) shows the device after silver coating. In some samples, a back contact is 
deposited on the substrate and the other samples are flip-chip bonded to 
gold-plated silicon wafer. On these samples, the GaAs substrate is selectively 
removed until it reaches bottom part of DBR. Then, the contact metal is deposited 
with the optical output aperture window pattern.  
 
2.4  Device Performances 
2.4.1  Single Mode Lasing 
   The all devices with various cavity diameters and number of top DBR pairs 
are characterized. The device is mounted on a copper heat sink to test at different 
ambient temperatures. A pulsed current source with 10 μA precision was used to 
drive the devices with continuous wave (CW) and various duty cycles in pulsed 
mode.  
   Figure 2.14(a) shows light output vs. current (L-I) curve for CW current 
injection at room temperature for 10 μm diameter and 19.5-DBR-pairs. The 
output saturation starts to occur at about twice threshold. This is due to the CW 
current injection heating, which we discuss in the following section. Figure 
2.14(b) is lasing spectrum of the device with bias voltage dependence. Clear 
single mode lasing has been observed throughout the bias level. The lasing mode 
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micro-post, the metal sidewall coating induces the mode dependent propagation 
loss. The fundamental HE11 mode has the lowest loss from metal due to 
centralized optical field as shown in inset of Fig. 2.15. The higher order mode 
suffers from higher propagation loss and thus lasing is suppressed.  
   Another interesting observation is the lasing wavelength for the different 
diameter of devices. In Fig. 2.15, the lasing wavelength of the 10 μm device 
around threshold is 982 nm, whereas the 5 μm device starts to lase at about 979 
nm. This result is consistent with our analysis. As the diameter of the device 
becomes smaller, the effective refractive index decreases due to higher field 
penetration into SiNx and silver layers. As a result resonant wavelength shifts to 
the shorter direction.  
 
2.4.2  Thermal Effects 
   In the previous experimental results, it is seen that thermal rollover occurs at 
relatively low injection level with CW mode. In this section, the thermal effect of 
the QD MCSEL device is studied from different duty cycle L-I curves, and cavity 
mode shifts form ambient temperatures. Then, the cavity temperature of QD 
MCSEL is estimated at the CW current injection.  
   Figure 2.16 shows the L-I curves of QD MCSEL at room temperature with 
different duty cycles. For the 10-μm diameter devices, the light output power is 
about two orders of magnitude larger than that of the 3-μm diameter devices 
exceeding over 100 μW before saturation.  The threshold current of the 10-μm 
diameter devices is almost constant independent of the duty cycle. On the other 
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where Eg(0) is band gap at 0 K and empirical fitting parameters α and β for GaAs 
are 5.58 x 10-4 eV/K and 220 K, respectively [22]. Along with the shift of the gain 
peak, the gain amplitude also decreases with temperature. The band gap shifts 
with temperature much faster than the cavity mode as shown in the inset of Fig. 
2.17(b). From the experimental data in Fig. 2.17(a), a linear approximation gives 
cavity mode shift as 0.065 nm/K. At -38 oC the second order mode is observed 
because the gain peak is located at shorter wavelength. Even though optical gain 
is high at low temperature, the gain and cavity mode do not overlap well and 
threshold current is high as shown in Fig. 2.17(b). As the temperature increases, 
the threshold current decreases because of the better overlap of the gain spectrum 
with the cavity mode. The optimal temperature for minimum threshold for this 
QD MCSEL is around 30 oC. As temperature increases further, threshold starts to 
increase again from gain reduction and gain peak shifts to longer wavelengths 
than the cavity mode.  
   Using the fundamental cavity mode shift with temperature, the cavity 
temperature at each CW injection level is calculated and plotted in Fig. 2.18 (right 
axis). On the same plot, total electrical injection power (product of current and 
voltage) is plotted. Due to the relatively low electrical to optical conversion 
efficiency of the QD MCSEL device, the injected power and cavity temperature 
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through the small diameter post of DBR cavity. The simplest model of series 






ρ ρ π≈ =    (2.9) 
where ρ is resistivity, L is electron traveling length, and A is cross-sectional area. 
Even though this simple model is for linear homogeneous material, the 
approximation works well with small DBR p-i-n junction in our device due to 
series-resistance dominant electrical characteristics. The resistance increases 
approximately proportional to the inverse of the square of the diameter and is 
proportional to the length of the pillar. Figure 2.20(b) shows series resistance 
extracted from the experimental data in Fig. 2.20(a). The dashed curve shows 
series resistance model in Eq. (2.9) with post length L and diameter D measured 
from SEM. From the fitting, the effective resistivity of DBR is extracted to 7.48 x 
10-2 Ωcm. With bulk p-GaAs material, this resistivity corresponds to NA = 3 x 
1017 cm-3, which is close to the doping level in our design.  
   Figure 2.21 shows the threshold current density as a function of device cavity 
diameters for different numbers of the top DBR pairs. In order to obtain reliable 
data, we measured over 37 lasers with multiple devices for each cavity size 
located at different positions on the chip. Even though there are small differences 
from one device to another in the threshold current densities, most devices with 
the same cavity size fall in the same proximity of values.  The line in the figure 
connects the average value of threshold current density for each cavity size. The 
threshold current density increases almost exponentially as the diameter of the 
cavity is reduced. For our smallest 1-μm diameter device with 19.5 DBR pairs, the 
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placed on the top. In reality, Al0.9Ga0.3As/GaAs interface is linearly graded and 
selective chemical etching cannot stop at the exact thickness.  
 
2.5  Summary 
   We have designed, fabricated, and characterized MCSELs with SML QDs in 
the active region. The QD active layer is expected to reduce the surface 
recombination rate which is severe when the micro-post diameter becomes small. 
Different sizes of metal-DBR cavities are fabricated both in the lateral and vertical 
dimensions following our theoretical design rules to optimize toward a small 
threshold gain for room temperature operation. Unlike the conventional air 
interface VCSELs, the metal-semiconductor interface design is important, 
especially for devices with a reduced number of DBR pairs toward the goal of 
nanolasers. From our theoretical model using the transfer matrix method, we 
estimated that lasers using hybrid DBR-metal mirrors with 5.5 and 10.5 DBR 
pairs operating CW at room temperature are achievable with the 2-μm diameter 
devices. Among the various sizes of metal-cavity volumes, a few of the smallest 
devices are 1-μm in diameter with 19.5 top-DBR-pairs lasing in 0.1% pulsed 
mode, and 5.5 top-DBR-pairs large device can lase with CW both at room 
temperature. The thermal effects of cavity heating are examined, and it is found 
that cavity temperature reaches around 80oC with high injection. This result raises 
a question about the effective heat removal from active layer through the metal 
cavity. Since most effective heat transfer in the crystal is done through photon 
propagation, etching the micro-post by etching the single crystal bond may 
prevent the effective photon transfer at the interfaces of semiconductor/SiNx/Ag. 
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From the analysis of various sizes of diameter devices, it is found that self-heating 
is significant in the smaller diameter devices due to both the higher series 
resistance and higher threshold gain leading to high carrier density. Self-heating 
causes the decrease of optical gain as well as the shift of the resonant wavelength. 
The emission spectrum shows a clear single mode lasing.  
   In conclusion, one of the smallest electrical injection lasers is demonstrated 
with a minimum diameter of 1-μm and a minimum DBR-Ag hybrid mirror of only 
5.5 pairs. However, further reduction of the diameter with a tall post encounters 
significant problems with high series resistance, which causes severe thermal 
generation. On the other hand, further reduction of DBR is also challenging 
because the top interface of only a few DBR with metal perturbs the resonant 
standing-wave phase reducing the reflectivity, shifting the gain overlap. To solve 
these problems, we work on the metal-encapsulated micro- and nanocavity lasers 
without DBR pairs in the next chapter.  
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METAL-ENCAPSULATED NANOCAVITY LIGHT 
EMITTERS 
 
3.1  Introduction 
In Chapter 2, metal-cavity surface emitting microlasers based on lateral 
confinement by metal and vertical confinement by hybrid DBR-metal mirrors 
have been discussed. One of the smallest electrical injection lasers is 
demonstrated with a diameter of 1 μm and a top hybrid mirror of 5.5 DBR pairs. 
However, the relatively tall post structure has a significant series resistance when 
the device diameter approaches 1.0 μm, which generates a large amount of heat 
corresponding to Pheat=RsI2. On the other hand, further reduction of the DBR pairs 
has its own challenges because the top interface of a few DBR pairs with metal 
coating perturbs the resonant standing-wave phase, reduces the reflectivity, and 
shifts the gain peak overlap with the longitudinal standing-wave pattern. This 
chapter discusses metal-encapsulated nanocavities for size reduction. In 
metal-encapsulated lasers, the series resistance is reduced by the shorter carrier 
traveling length L without a discontinuous energy band of DBR pairs. The 
broadband mirror reflector is less sensitive to the vertical thickness design because 
the resonant wavelength can be self-adjusted within the relatively broad 
semiconductor gain. The real challenges of these devices are fighting with the 
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between the anode and the cathode and the p-i-n junction doping design. The 
second major approach is cooling the ambient temperature low enough so that the 
semiconductor gain becomes high and metal loss is reduced. Most of the smallest 
metal cavity lasers are demonstrated by either  or both approaches as shown in 
Fig. 3.1(a), (b), and (c). Recently, Hill et al. [4] successfully demonstrated 
Fabry-Perot type sub-wavelength plasmonic waveguide lasers with pulsed 
electrical injection at room temperature. In this cavity, the lasing mode is confined 
in a relatively long cavity in one dimension with the sub-wavelength width. Due 
to lateral optical confinement, the active gain layer and standing-wave overlap can 
be increased compared with the gold finger nanolaser in Fig. 3.1(c). One of the 
drawbacks is the optical output coupling. Due to the thick silver coverage in the 
sidewall, the optical output is collected from the bottom substrate, which is not 
along the dominant Poyinting’s vector direction. Therefore, it is difficult to collect 
the light output. 
   For practical applications, we design our metallic nanocavity lasers with the 
current injection configuration with the cavity resonance wavelength designed at 
room temperature. Unlike the state-of-the-art lasers in Fig. 3.1, semiconductor 
cavities are encapsulated by a metal in all three directions. The cavity dimension 
is designed such that the fundamental HE11 mode propagates along the vertical 
direction for various radius devices. In this way, the devices emit the light output 
through the top thin metal with a good beam profile. In the following sections, the 
device design for the optical cavity and electrical doping are calculated and 
simulated with numerical methods. The detailed device processing recipes are 
presented, and our fabricated device performances are presented.   
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3.2  Cavity Design and Simulation 
3.2.1 Metal-Encapsulated Cavity Structure 
   The schematic diagram of metal-encapsulated nanocavity is shown in Fig. 3.2. 
In previously reported nanolasers, semiconductor cavities are not covered by 
metal in all directions due to an optical pumping configuration [1-2, 6] or 
substrate retaining on electrical injection devices [3-4]. In our devices, the original 
InP substrate is removed, the semiconductor p-i-n junction (p-InP/InGaAs/n-InP) 
is encapsulated by metal in all directions, and the device is flip-chip bonded to a 
silicon handling wafer. The typical material gain of a bulk InGaAs semiconductor 
is of the order or 2000 ~ 3000 cm-1 at room temperature.  Using a short cavity 
with a few standing-wave nodes, the high modal overlap with the gain material in 
bulk is more advantageous than that of QWs or QDs for a higher optical 
confinement factor [1-4, 6]. The bulk gain is also less sensitive to small resonant 
wavelength and phase shift arising from the processing discrepancies between the 
ideal design structure and the real fabricated devices. From the previous studies of 
the metal coated lasers, silver has a good thermal conductivity, and removes heat 
from the current injection region quickly compared with air or BCB dielectric 
coating. This significantly reduces the threshold current at high temperature 
operation [7]. The optical output is collected from the top surface of the device 
through the thin gold or silver cap. The active InGaAs bulk material is designed 
for 1550 to 1600 nm photoluminescence peak emission grown by either metal 
organic chemical vapor deposition (MOCVD) or molecular beam epitaxy (MBE). 
The p-side and n-side contacts are isolated by approximately 100 to 200 nm thick 
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longitudinal cavity length, and Ri is the power reflectivity of the i-th side of the 
mirror. Even though this equation is typically used for a long cavity, it still works 
well for metal cavity micro- and nanolasers as long as we take into account the 
modal loss, reflectivity, and the resonance wavelength properly for the lasing 
guided mode for the designed multi-layered cylindrical cavity structure.  This is 
discussed more in Section 3.2.4. One of the biggest challenges of nanolasers is 
how to suppress the radiation loss for a small L in Eq. (3.1). For example, L = 300 
μm of a stripe as-cleaved Fabry-Perot laser has a mirror loss about 40 cm-1. In 
order to achieve the same magnitude of loss with L = 1 μm, the optical power 
reflectivity R needs to be 0.996. The first term αi on the right-hand side also 
increases as the lateral dimension shrinks due to the metallic loss. Fortunately, the 
intrinsic loss αi is not dominant unless the lateral dimension becomes 
sub-wavelength scale. It is usually of an order of tens of cm-1 for a 500-nm radius 
device with silver coating. To increase the modal gain for a small cavity, bulk gain 







τΓ = =    (3.2) 
where ω is the angular frequency, vg is the group velocity, Q is the quality factor 
of the cavity, and τp is the photon lifetime. Again, the left side of equation shows 
the modal gain. For plasmonic metal nanolasers, the optical energy confinement 
factor ΓE has to be used instead of the power confinement factor due to the 
negative and dispersive nature of the permittivity in metal plasmas [8]. Since ω 
and vg cannot be engineered much for a given material, it is desired to increase Q 
(or photon lifetime τp) as much as possible. The quality factor Q is defined as the 
ratio of energy stored in the cavity to energy dissipation (including radiation loss) 
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per optical cycle. It can be decomposed to  
1 1 1
mat radQ Q Q
= +     (3.3) 
where Qmat is related to the energy dissipation due to material loss and Qrad is 
related to the photon escape from the cavity. In metal-encapsulated nanolasers 
with the bottom and sidewall covered with a thick metal, Qrad is the inverse of 
the output photon emission ratio from the top and Qmat is dominated by optical 
loss by the metal in all directions. At room temperature, the Q factor of a few 
hundreds is required for realizable threshold gain.  
 
3.2.3 Metal Properties at Near Infrared 
   For a perfect electrical conductor (PEC), there is no optical loss and the 
reflectivity is unity. In real metals, there is a finite resistivity causing ohmic loss 
and the reflection coefficient is always less than unity and the phase deviates from 
π. As we discussed in the previous section, the important parameter for metal 
nanocavity is a high reflectivity R for a small radiation loss.  
   Table 3.1 summarizes important optical parameters for various metals at 1.55 
μm wavelength from the literature. Various metals are sorted in the order of 
optical power reflectivity for a plane wave incident from InP layer to an infinitely 
thick metal. The highest reflectivity is achieved by Ag or Au depending on the 
literature, then followed by Cu and Al at 1.55 μm. Notice that these metals have a 
large absorption coefficient due to the large imaginary part of the refractive index. 
However, since the real part of the refractive index is small compared with those 
of semiconductors, a smaller fraction of the incident field is transmitted into the 
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real part of the refractive index is close to that of the semiconductor. As a result, a 
large fraction of the optical field is transmitted to the metals and absorbed.  
   To compare with reflection property of the metals with a PEC, the complex 
reflection coefficient r of the optical field is plotted in the complex plane in Fig. 
3.3. The reflection coefficient is calculated for a plane wave normally incident 
from vacuum to an infinitely thick metal using the optical parameters in Table 3.1. 
The distance from the origin expresses the magnitude of the reflection coefficient 
and the angle from the positive x-axis represents the phase shift of the reflected 
wave from the normal incident wave. A PEC has a unity magnitude and a phase 
shift of π. Among various metals, Al has the closest point to PEC because the 
reflection phase shift is close to π among all metals here. In the later section, this 
non-ideal phase shift is taken into account to calculate the resonant condition in 
the metal cavity.  
   From the magnitude of the power reflection between InP and a thick metal, Ag 
or Au is the best choice to form a low loss cavity at 1.55 μm. In the following 
section, we used Ag for most of our designs and fabrications. After fabrication of 
the first device, we have found that a thin Ag layer is easier to oxidize or bind 
with sulfide atoms to form Ag2O or Ag2S at elevated temperature, which degrades 
the optical properties as well as electrical conduction. For this reason, a thick Ag 
is used for the sidewall and bottom mirrors, but a thin top mirror is covered with 
Au as shown in Fig. 3.1. 
 
3.2.4 Cavity Design for Optical Resonance 
   For nanocavities with a size approaching the order of a wavelength, a careful 
design of the cavity dimension is critical so that the target resonant wavelength  
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HE11 mode from the finite-element method (FEM), which includes the ohmic loss, 
material dispersion, and waveguide dispersion from the metal layer. As the radius 
of the device shrinks, neff decreases because more optical mode overlaps with the 
SiNx layer and the imaginary part of neff increases due to more ohmic loss from the 
metal. Next, we designed the top and bottom silver thickness. The top silver 
thickness is carefully designed for optimizing between output light transmission 
and the cavity quality factor from Fig. 3.4 (c). Once silver thicknesses are 
determined, the p-i-n junction height is determined so that the resonant 
wavelength overlaps with the semiconductor gain peak at room temperature using 




22 ( ) ( ) 2eff top bottomn h d d m
π πλ
⎛ ⎞ + Φ + Φ =⎜ ⎟⎝ ⎠ .       (3.4) 
The phase shift of electrical field reflection coefficient at the bottom and top of 
the InP/Ag/air interface is calculated using the complex permittivity of silver. As 
is discussed in an earlier section, the phase-shift of a practical metal is less than π 
and is a function of the thickness as shown in Fig. 3.4(d).  
   Metal-encapsulated nanolasers have a small cavity volume compared with the 
minimum feature of the device structure. This allows us to simulate the 
3-dimensional device using the finite-difference time-domain (FDTD) simulation 
to compare the results of the transfer-matrix methods. Fig. 3.5 shows our 
comparison between the transfer matrix method and the FDTD simulation for the 
cavity dimension optimized for the HE116 mode with a resonant wavelength at 
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corresponds to adding one extra node in the standing wave. The group B will be 
considered to be other modes, which increase the resonant wavelength at a 
different rate. From this plot, we can see that the HE11x mode does not necessarily 
have the highest quality factor depending on the p-i-n thickness and the target 
wavelength of the gain. The shadowed region in Fig. 3.7(b) is the gain bandwidth 
of our design at room temperature. The actual p-i-n height is decided to be 885 nm. 
A more detailed study of the metal-encapsulated cavity design for an ultimately 
small cavity volume has also been conducted [13]. 
   The electrical design is as important as the optical design in the cavity for the 
maximum gain. Since the p-i-n junction height and the layer thickness are fixed 
from the resonant condition of the cavity, the optimization parameter in the 
electrical design is the doping concentration for each layer. For the MOCVD 
samples, due to the p-doping acceptor diffusion into an active layer at high 
temperature growth condition, the p-substrate is used and the n-type cladding 
layers are grown on the top of the active layer. The carrier concentration and the 
band structures are solved using a one-dimensional numerical simulation tool, 
which uses the finite element analysis to solve for the carrier Poisson equations 
and the rate equations. The simulation results after the optimized doping 
concentration are shown in Fig. 3.8. Our design consists of 
p-InGaAsP/p-InP/i-InGaAs/n-InP/n-InGaAsP hetero-junction for the MBE grown 
sample (for MOCVD sample, n and p are reversed). The top and bottom InGaAsP 
layers are highly doped for the electrical contact layer and serve as an etch stop 
for the substrate removal process. InP layers have a step graded doping 
concentration decreasing toward the i-InGaAs layer to prevent doping diffusion 
and minimize the depletion width.  
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CH4 and H2 based plasma etching causes polymer byproduct deposition as shown 
in Fig. 3.11 (a)-i. Even though polymer deposition can be removed from the 
hydrogen fluoride (HF) wet process, the rough sidewall is translated to the 
sidewall as shown in Fig. 3.11 (a)-ii. The chlorine (Cl2) gas etching at elevated 
temperature has no polymer deposition problem, but it was difficult to develop 
etching recipes for shallow etching. After several rounds of trial and error, we 
developed etching recipes with induced coupled plasma reactive-ion etching 
(ICP-RIE) using silicon tetrachloride (SiCl4) and argon (Ar) mixture gases with 
substrate temperature heating to 200 oC. Even though the etching rate is rapid, 
smooth sidewall and floor can be achieved at optimized gas ratio between SiCl4 
and Ar. The etching profile is shown in Fig. 3.11 (b)-i and (b)-ii. The change of 
recipe from CH4 + H2 to SiCl4 + Ar significantly improved the device 
performances. 
   As mentioned earlier, one of the difficult processings is electrical isolation of 
the p-i-n hetero-junction with the metal covered in all direction. Figure 3.12 
illustrates the basic procedures to form the electrical isolation layer and current 
injection window on the top. First, a SiNx film is uniformly deposited on the 
cleaned device surface by plasma-enhanced chemical vapor deposition (PECVD). 
The material property of SiNx depends on the plasma frequency. In our device, it 
is required that SiNx has no leakage current (high density) and a small film stress 
for device stability. For this purpose, we used mixed frequency (13.56 MHz and 
380 kHz) plasma deposition. After the SiNx film deposition, the key process is 
removing SiNx on the top of cavity but keeping the sidewall and floor. This 
process is quite challenging when the device height is short for the HE111 design 
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3.4  Device Characterization 
3.4.1 Characterization of HE111 Cavity Design 
 
   The device performance is measured at room temperature with electrical 
injection. Figure 3.15 (a) shows the device schematic of the smallest metal 
nanocavity light emitters designed for the fundamental mode of HE111. The inset 
of magnified cavity image is FDTD simulation result. Among the different sizes 
of devices, radius 0.75 μm device is the smallest device working as nanocavity 
diode emitter. The voltage vs. current (I-V) and light output vs. current (L-I) 
curves at two different temperatures are shown in Fig. 3.15 (b). The I-V curves 
indicate a good electrical isolation between the anode and the cathode by a thin 
100 nm SiNx layer. It shows diode turn-on voltage at 1.06 V. From the I-V curve, 
it is observed that the series resistance is about 640 Ω, which is less than half of 
the metal-cavity VCSEL series resistance in Chapter 2 for the same diameter 
(1.555 kΩ). One reason for the smaller series resistance is the shorter cavity 
height, although other factors such as doping concentration of each layer material 
or metal contact affect this value. The smaller series resistance suppresses heat 
because ohmic heat generation scales with the square of resistance. The two L-I 
curves show that increased temperature decreases the slope efficiency. The slope 
efficiency is 0.31 and 0.27 mW/A at 15 °C and 28 °C, respectively. The output 
increases almost linearly without saturation. The device becomes electrically 
unstable when injection current exceeds 1.0 mA. The electroluminescence 
spectrum of our processed device and photoluminescence (PL) spectrum of 
epiwafer are shown in Fig. 3.15(b), both measured at room temperature (28 °C). 
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the smallest nanocavity light emitting diodes ever reported. The device cavity 
volume encapsulated by metal is 0.35 μm3, which corresponds to 0.086 λ03 in 
terms of emitting wavelength.  Although the processed nanocavity emitter has a 
miniature active volume, it does not show any degradation in the optical spectrum. 
 
3.4.2 Characterization of HE114 Cavity Design 
   In our research, we designed a few different cavity dimensions such as the 
HE111, HE114, and HE116 modes. Each design has a different thickness of the 
epi-wafer and the crystal is grown by different methods such as MBE or MOCVD 
from different institutions or venders outside of UIUC. The crystal growth quality 
is as critical as the cavity design and device processing for nanolasers. For the best 
results, the feedback and iteration between crystal grower and device engineer are 
absolutely necessary to make the fabricated device as close as possible to the ideal 
device structure. Figure 3.16 shows the device performance of the HE114 
fundamental mode design. The device schematic with the FDTD simulation result 
is shown in Fig 3.16 (a). From the I-V curves in Fig. 3.16(b), there is no clear 
turn-on voltage as in Fig. 3.15(b) or 3.19(b). Even though the contact potentials of 
all designs are almost the same, this epi-wafer has significant forward current at 
low bias like 0.5 V, whereas other epi-wafers have a negligible forward current at 
the same bias. We suspect that there are deviations in the doping profile from the 
ideal case shown in Fig. 3.8. The L-I curve is shown for the 1.5-μm diameter 
device in Fig. 3.8 (d) and 2.0-μm diameter device in (d). The cavity volume is 
0.39 and 0.68 λ03, respectively, in terms of the emission wavelength. The output 
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3.5  Summary 
   In the previous chapter, we identified two challenges in the metal coated 
VCSEL for further cavity volume reduction: i) Lateral size reduction is difficult 
due to significant heat generation from the high series resistances through 
micro-pillar DBR. ii) Vertical size reduction (removing pairs of DBRs) is difficult 
because the top metal interface can easily disturb the phase of the standing-wave, 
significantly reducing reflectivity and shifting the gain peak. To solve this 
problem, we have designed, fabricated, and characterized metal-encapsulated 
nano-light-emitters with bulk in the active region. The first principal design rule is 
used to calculate the three-dimensional problem decomposed into micro 
metal-coated waveguide problem and the transfer matrix methods to estimate the 
fundamental mode resonance and threshold condition. The result based on this 
design rule agrees very well with the numerical three-dimensional calculation 
using the FDTD methods. The device recipes have been developed by multiple 
iterations from the device characterization. Many recipe improvements developed 
here can be applied in the other device processing as well. The smallest metal 
cavity diode emitter with electrical injection is 0.086 λ03 in terms of emitting 
wavelength working at room temperature. It is shown that the series resistance of 
metal-encapsulated nanocavities is much smaller than the metal coated VCSEL, 
suppressing heat generation for the small diameter devices. Even though the 
cavity mode of metal nanocavity devices had not been observed in the earlier 
stage of processed devices, the fabrication improvement shows a narrow cavity 
mode in the metal nanocavity with a volume of 1.23 λ03 at room temperature.  
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   In conclusion, one of the smallest electrical injection light emitters is 
demonstrated with the nanocavity completely encapsulated by metal. For the 
appropriate cavity mode design and processing recipes, narrow cavity modes can 
be observed in several devices. However, cavity mode magnitude saturates with 
high current density by gain reduction and increase of metal loss, making it hard 
to reach the threshold condition. The dominant factor of high threshold gain for 
this device is radiation loss in the dominant wave-vector direction (vertical 
direction) because cavity length L in this direction is so small. Thus, it is most 
important to figure out how to reduce the radiation loss in the wave propagating 
direction. In the next chapter, we propose a novel device, which has 
game-changing potential in the nanocavity design with the concept of mirror gain, 
which not only solves the high radiation loss problem but also suggests better 
performance in smaller cavities. 
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METAL-SEMICONDUCTOR-METAL STRUCTURE FOR 
CUTOFF REFLECTION FEEDBACK 
 
4.1  Motivation 
4.1.1 Introduction 
   Recently, intense study has been devoted to metal for nanoscale optical 
confinement [1-4] and sub-wavelength optical mode propagation [5-7]. Even 
though metal is an excellent candidate for nanophotonic devices, high optical loss 
is makes it challenging to realize room temperature operating devices. Most 
previous works use metal as a reflector by coating the cavity [1, 4] or as a surface 
plasmonic waveguide to confine the light at the metal-semiconductor interfaces 
[2-3, 8]. In the previous chapters, metal coating is used as a reflector of the cavity. 
Even though the metal has a high optical reflectivity, there is a finite transmission 
into the metal. For a short cavity, distributed radiation loss is very sensitive to the 
mirror reflectivity and is critical for the threshold gain condition. 
   Table 4.1 shows typical values of reflectivity and mirror length for different 
laser structures. The cleaved Fabry-Perot laser has a small reflectivity, but 
radiation loss is small because of the long cavity. The state-of-the-art 
GaAs/AlGaAs distributed-Bragg reflector (DBR) in vertical-cavity 
surface-emitting lasers (VCSELs) can achieve high reflectivity of an order of 0.99  
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Cleave  0.3 0 500 μm 24.08  Edge
VCSEL  0.99~0.999 3 ~ 5 μm ~ 1 μm 50.13  Surface
Metal  0.987 ~ 30 nm ~ 1 μm 130.85  Surface
Cutoff*  0.995 ~ 500nm ~ 1 μm 50.13  Edge
Cutoff w/ gain*  1.005 ~ 500nm ~ 1 μm ‐49.94  Edge
*Theoretical values calculated 
 
~ 0.999 with 20 ~ 35 DBR pairs. For an ultra-high reflectivity DBR, the mirror 
length extends to 3 ~ 5 μm, increasing the total cavity volume. In Chapter 2, we 
demonstrated hybrid metal-DBR mirror lasers with 5.5-DBR-pairs, which 
correspond to about 850 nm mirror length. Further reduction of mirror size is 
challenging due to precise phase matching condition of DBR-metal interface. On 
the other hand, metal can be used as a high reflectivity mirror with a negligible 
mirror thickness. From the previous chapter, we found that silver (Ag) or gold 
(Au) has the highest reflectivity at near-infrared wavelength. However, the 
reflectivity of the mirror saturates to 0.950 ~ 0.987 (for Au and Ag) even with the 
thick metal layers (see Section 3.2.3). This is due to the finite transmission of the 
incident light and ohmic loss inside the metals. As shown in Table 4.1, the 
radiation loss of metal cavities is relatively large.  
      In this chapter, we study a novel mirror structure using modal cutoff 
feedback. Figure 4.1 shows the device schematics of our proposed modal cutoff 
laser and its cross-sectional view. This laser utilizes the following principles to 
effectively confine optical modes in a given geometry. It is well known that the 
transverse electric (TE) mode has no cutoff on a symmetric dielectric 
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4.1.2 Advantages Compared with Previous Nanolasers 
   There are several advantages for nanolasers to use the lateral cutoff mirror 
compared with the previously reported nanolasers. 
i)  High reflectivity comparable with a large number of DBR pairs can be 
achieved with about 500 nm total thickness of mirror length.  
ii)  Metal loss can be minimized due to a small field overlap with metal.  
iii)  Edge emission coupling suitable for planar light-wave circuit. 
iv)  It is possible to achieve reflectivity more than unity by placing gain in 
the mirror region.  
v) Easier and potentially cheaper fabrication. 
Especially, the concept of mirror gain is advantageous for the short cavity 
nanolasers. In the following, we discuss examples to observe the advantages of 
modal cutoff lasers. 
   One of the similar device structures is using a metal-semiconductor-metal 
patch to confine the light using plasmonic mode [8]. In this approach, optical 
confinement in the lateral direction is weak due to the radiation loss between 
semiconductor and air. Furthermore, the optical loss is considerably large due to a 
large overlap of the mode profile with the metal. Compared with this approach, 
our device confines light within the dielectric semiconductor layer, and the metal 
loss is minimized due to the small overlap of modes with metal.  
   Another approach is to use a metal-coated semiconductor nanopillar [1]. This 
approach uses the metal to confine the light in the lateral direction and uses mode 
cutoff reflection in the vertical direction. Compared with this approach, our device 
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can improve several aspects for practical application. 1) Our device emits light 
from the side and light can be more easily coupled to a planar waveguide, while 
the pillar structure collects the light output from the bottom substrate, which 
decreases the collection efficiency and makes it difficult to integrate with planar 
waveguides. 2) Our device has a smaller field overlap with the metal, minimizing 
optical loss, while the pillar structure suffers a high metallic loss from the sidewall 
due to the large overlap of mode. 3) Our device uses cutoff in the lateral 
confinement. Thus, instead of relying on a precise processing, the key design 
parameter of semiconductor thickness is controlled during wafer crystal growth. 
Unlike lithography processing, controlling sizes on the order of angstroms is 
easily done with today’s technology. On the other hand, the nanopillar requires 
extremely precise processing control for the pillar radius to achieve vertical cutoff 
on the InP cladding region, yet allowing the center InGaAs region to be not in the 
cutoff regime. Leading into production, this becomes a big concern for cost and 
yield.  4) Our device can achieve gain in the cutoff region, leading to a novel 
concept of mirror gain, which is completely changing the disadvantage of a large 
mirror loss in nanocavity to an advantage. On the other hand, in the nanopillar 
(InP/InGaAs/InP) structure, the cutoff reflection is achieved in the InP cladding in 
the vertical direction. Thus, the cutoff region cannot have gain because the 
electron-hole recombination occurs only in the InGaAs region. Our laser has no 
semiconductor active layer etching to form a cavity, which eliminates undesired 
surface recombination at the etching sidewall and improves heat dissipation from 
the active layer through single crystal phonon propagation in the lateral direction. 
On the other hand, all previous laser structures have semiconductor materials 
being etched to form the cavity. Etched surface traps electron for non-radiative 
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recombination and prevent lateral heat dissipation by phonons from the active 
layer. 
   In addition, our device allows for the fabrication of semiconductor lasers 
without dry etching semiconductor layers, which usually requires expensive 
equipment and environmentally toxic chemicals. This simpler processing will cut 
down the cost of the device fabrication. 
 
4.2  Device Design and Analysis 
4.2.1 Principle of Operation 
   The key physics of the cavity design is strong reflection between a dielectric 
waveguide and a MSM waveguide with an appropriately designed dielectric 
thickness. This section describes the principle of operation explaining the physics 
of the waveguide mode theory. 
   Figure 4.2 shows (a) a slab dielectric waveguide and (b) a MSM waveguide. 
The guiding condition of both waveguides can be solved exactly using Maxwell’s 
equations [9]. Figure 4.3(a) represents the guiding conditions of the TE and TM 
modes. The guiding condition of each mode exists if it intercepts with circular 
curve given equation by 
2 2 2X Y R+ =      (4.1) 
where R is given by 
( )12 2 20 2 core claddR k n n= −                (4.2) 
and k0 is free space wavenumber, d is dielectric thickness, and ncore and nclad are 
refractive index. Since k0, ncore, and nclad are constants for given 
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where kz is the wave number of the guided mode in the propagating direction.  
The cutoff condition occurs when kz becomes imaginary number. For the lowest 






        (4.4) 
where λ is the free space wavelength and n is refractive index of dielectric layer. 
This is an important design parameter. In a MSM waveguide thinner than this, no 
TE or TM modes are allowed to propagate. As the thickness d of MSM waveguide 
decreases, eventually only three modes can exist. Figure 4.3(b) illustrates the 
plasmonic modes, which are propagating along the interface between the metal 
and dielectric. As explained earlier, there is no cutoff on these modes even the 
thickness d approaches to zero. Together with the TEM mode, which is unique to 
the MSM waveguide, all three surviving modes are depicted on Fig. 4.2(b) with 
the field directions. 
   One of the most important questions is what happens when two waveguides 
are laterally joined together. When the thickness d is smaller than λ/2n, no TE or 
TM mode (except TM plasmonic and TEM modes) can exist on a MSM 
waveguide. If the TE or TM modes are propagating from dielectric waveguide to a 
MSM waveguide, they are either reflected back, or coupled to different modes, 
which are allowed in a MSM waveguide. The coupling strength can be described 
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as the integration of the mode overlap across the interface. It is seen that the TM0 
mode on the dielectric waveguide has a dominant Hy with peak at the center. This 
is similar to the TEM mode in a MSM waveguide indicating strong coupling 
between the two modes. The Hy dominant field also suggests partial coupling to 
two TM plasmonic modes. On the other hand, the TE0 mode on dielectric 
waveguide is Ey dominant, which is orthogonal to both the TEM and the 
plasmonic modes (Ex dominant). Thus, coupling of the TE0 mode into the other 
three modes on a MSM waveguide is negligible and most of the power is reflected 
back. A more rigorous and quantitative analysis of reflection is described in the 
following section from our theoretical analysis as well as numerical simulations. 
 
4.2.2 Theoretical Study with Analytical Solutions 
   In this section, we examine the reflection strength of the fundamental TE 
mode between the cavity region and the cut-off region. To study the first order 
calculation for the magnitude of the reflection coefficient, we solved the exact 
solution of a pseudo structure as shown in Fig. 4.4(a). The structure consists of a 
hollow rectangular perfect metal filled with semiconductor material. The center 
region consists of the typical refractive index of InP n1 = 3.17 surrounded by the 
different dielectric material with a refractive index n2. In this study, we vary the 
refractive index of n2 such that the lowest TE10 mode on this structure becomes 
cutoff and the excited field in the cavity has a strong reflection at the interfaces. 
Even though this structure is different from the real structure in Fig. 4.1, the 
physical principal is the same. By solving the exact analytical solution, we can 
obtain important insight into the physics and reach a useful optimization for the 
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where ω is angular frequency, ε1 and μ1 are permittivity and permeability of the 
material, which are directly related with the refractive index n1. The propagation 
constants β1xm, β1yn, and β1zmn are determined by the boundary conditions of the 





















π π πβ β β β λ
=
=
⎛ ⎞ ⎛ ⎞ ⎛ ⎞= − − = − −⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠ ⎝ ⎠
 
(4.6) 
where d and w are the dimensions in Fig. 4.4(a). Integer m and n are the mode 
index of the TEmn mode in the x and y directions; both start from zero but cannot 
be simultaneously zero. F1mn and B1mn are the amplitudes of the forward and 
backward propagating waves for the TEmn mode. If we assume the waveguide 
width w is smaller than the thickness d, the fundamental mode with the smallest 
cutoff frequency is the TE10 mode, which is what we focus on in the following 
analysis. The E and H fields in Regions 2 and 3 can be written by expressions 
88 
 
similar to Eq. (4.5). In this simplified waveguide structure, the phase matching 
conditions at the interfaces guarantee β1x = β2x = β3x and β1y = β2y = β3y. With 










  .     
(4.7) 
The tilde over n2 indicates it is a complex number. κ is the complex part of the 
refractive index and it is related to the gain coefficient g as shown above. The 
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(4.8) 
Without gain (g2 = 0), the cutoff condition is defined when propagation becomes 
imaginary number. In this analysis, we used λ = 1550 nm, n1 = n3 = 3.17, and d = 
250 nm. With these values, inside of square root β1z and β3z are positive and the 
TE10 mode exists. When the refractive index of region n2 falls below 3.1, β2z 
becomes an imaginary number indicating exponential decay of the field in Region 
2. By solving the continuity boundary conditions at each interface, the reflection 
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where L is the cavity length and R is the power reflection. Mirror loss represents 
distributed loss of electrical field as it propagates the round trip in the cavity. It 
affects the threshold condition of the lasers. One of the biggest challenges in the 
small cavity laser is the high mirror loss due to a small cavity length L. If R can be 
greater than unity even by a small amount, Eq. (4.10) becomes 
( )
R=1+
1 1 1ln ln 1m L R L L
α
Δ
Δ⎛ ⎞= = − + Δ ≈ −⎜ ⎟⎝ ⎠
.  (4.11) 
Thus, the mirror loss becomes mirror gain. As photons travel back and forth in the 
cavity, the magnitude is amplified each time when they are reflected. Theoretically, 
this gain becomes larger for a small cavity due to the more frequent amplification 
on the mirror, therefore, it is suitable for micro/nano-cavity small lasers. 
 
4.2.3 Numerical Simulations 
   In the previous section, a theoretical study is demonstrated with a simplified 
structure to give the first order approximation. In this section, we show numerical 
simulations with two and three dimensional models using real device dimensions, 
refractive index, and dispersion of the semiconductor and metals. In this study, 
radiation losses from the top of cavity as well as metallic loss in the MSM region 
are taken into account. Figure 4.7 shows the (a) simulated device cross section and 
(b) the fundamental TE mode propagation at different thicknesses of a  
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lifetime, the quality factor Q is calculated as 629, which will be enough to reach 
the laser threshold. The resonant wavelength of this structure is 1662 nm with a 
cavity volume of 0.069 λ03 in terms of the vacuum wavelength. The threshold 
material gain is calculated from, 
1
th




τ= =Γ Γ .     (4.13) 
With an optical confinement factor of 0.2, the threshold gain is 1141 cm-1, which 
is small for a nanocavity volume of the size 0.069 λ03. This estimation is based on 
a passive cavity without gain in the cavity and mirror regions. If gain is included 
in the mirror region, the threshold gain can be significantly reduced by the mirror 
gain, as discussed earlier. 
   The stripe cavity as shown in Fig. 4.1 is also numerically simulated using the 
FEM method. Figure 4.10 shows the stripe cavity device schematics with the 
coordinate definition and cross-sectional views of all electrical field components. 
The cavity dimension is 180 nm in semiconductor thickness with a stripe width of 
300 nm and a length of 1350 nm. The cavity is designed for the Ey dominant TE511 
mode with a resonant wavelength 1585 nm and a cavity volume of only 0.018 λ03. 
Clearly, the dominant Ey fields are strongly confined in the stripe cavity region. 
From the top view of Ey, there are five peaks in the x-direction and one peak in 
the y-direction. From the side view, there is one peak in the z-direction. One of the 
interesting applications of this laser includes fabrication of the multi-wavelength 
laser sources on a single chip. Notice that resonance wavelength is determined by 
the cavity length of the stripe, which is defined by the mask pattern. Since the 






































, and z pola
ulation resu
ponents are 
















 a cavity len
 














spontaneous emission of semiconductor. As a result, the simulation result shows 
several modes other than the TE511 mode. For example, the Ez field forms a weak 
standing wave in the MSM region because of the plasmonic excited electronic 
field, which is perpendicular to the metal-semiconductor interface.  
   Even though the modal cutoff provides an excellent optical confinement, one 
of the drawbacks of this proposed device will be a small optical confinement 
factor from a thin semiconductor thickness. Significant evanescent field leakage to 
the top and bottom of the semiconductor layer can be seen from the Ey plot on the 
cross-sectional view with y = 0 plane in Fig. 4.10. The energy confinement factor 
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where ( , )gε ω r  is group permittivity. The 3D energy confinement factor of this 
simulated device is 0.105, which is relatively high due to the bulk active layer and 
is comparable with that of the conventional lasers. With a quality factor of Q = 
750, the threshold material gain is 1782 cm-1 for a passive cavity without gain in 
the MSM region.  
 
4.3  Device Fabrication 
   Compared with the metal-encapsulated nanolasers in the previous chapters, 
the fabrication of modal cutoff lasers is easier. Figure 4.11 shows the first part of 
the processing procedure. Since our goal is a current injection nanolaser, the wafer 
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good light output indicating effective photon generation is possible even in a thin 
layer of semiconductor hetero-junction. 
   Next, we have measured actual devices fabricated according to the processing 
procedures described in Section 4.3. Figure 4.16 shows the light output vs. current 
curve with CW injection at room temperature. The circular cavity has a radius of 
2.5 μm with 200 nm silver deposited to form an MSM structure around the cavity. 
The cavity volume corresponds to 0.95 λ03 with λ0 the emission vacuum 
wavelength. A good nonlinear light output power is observed indicating potential 
lasing. At this stage of development, light collection efficiency is not optimized 
due to the geometry of circular cavity. Even though the dominant wave vector is 
in lateral direction, we can collect the light output only from the top of the device. 
As a consequence, the optical output is too weak for spectrometry characterization. 
We have been working to improve the processing recipes for higher yield, and a 
better light coupling with various stripe cavities. 
 
4.5  Summary and Future Directions 
   In summary, we proposed novel nano/micro-cavity lasers using cutoff 
reflection of the fundamental TE mode from an MSM region. The devices are 
examined by multiple aspects for their function qualitatively from the principal of 
operation, quantitatively from the analytical study of reflection coefficient and 
numerical simulations by 2D and 3D models for practically designed devices. All 
results are consistent and they support the performance of the proposed devices. 
The numerical simulations including the metal loss suggest that room temperature 
lasing with a reasonable threshold material gain is achievable. We have also 
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developed processing recipes to fabricate the device without any semiconductor 
dry-etching process. The preliminary electrical and optical characterizations of the 
proposed devices are performed showing excellent I-V characteristics with a thin 
hetero-junction diode. The light output curve shows super-linear behavior 
suggesting possible lasing in the cavity volume less than λ3. However, light output 
coupling and efficient current injection need to be developed. 
   For future directions, lateral optical output coupling needs to be improved for 
a better optical output collection. For example, evanescent light output coupling to 
a curved fiber on top of the device is a promising approach [11]. Another 
approach is monolithically fabricating a passive waveguide next to the edge 
emitting cutoff lasers for better optical output coupling as has been done in planar 
light-wave circuit. One of the challenges of this cutoff confinement laser is carrier 
injection into the cavity. As shown in the cross-sectional view of the processed 
device in Fig. 4.12, current is mainly injected in MSM mirror region and carrier in 
the cavity region might be too small to reach population inversion. The possible 
improvement can be made by proton implantation in MSM region using SiNx 
layer as a mask. This will form the electrically insulating layer in MSM region 
and confine carriers in cavity region for the better gain.  
   Another interesting study is micro- or nanobending optical waveguide using 
cutoff confinement idea. Conventional semiconductor waveguides use ridge 
waveguide structures with cladding layers. Optical leakage at the sharp bending 
on the ridge waveguide is one of the important problems to solve. The photonic 
crystal waveguide was previously proposed for small radiation loss in a sharp 
bending waveguide using the photonic bandgap to confine the propagating mode 
in the lateral direction [12]. Cutoff optical confinement can use prohibited 
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propagation due to modal cutoff in the MSM region. Using cutoff confinement, 
which requires simply the metal patterning and the flip-chip bonding, can reduce 
the processing cost compared with other lasers such as photonic crystal 
fabrication.  
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5.1  Summary of Key Results 
   In this dissertation we have examined semiconductor nanolasers and 
nano-light-emitters using a metal as a part of the resonant cavity. Several different 
cavity structures are designed, processed, and characterized for performance. 
Since the focus has been on an optical interconnect solution for future dense 
photonic integrated circuits, all devices are designed such that they can operate 
with electrical injection at room temperature. 
   We first presented metal-cavity quantum-dot surface-emitting microlasers in 
Chapter 2. The QD active layer is used to reduce the surface recombination rate 
which is severe when the micro-post diameter becomes small. Different sizes of 
metal-DBR cavities are fabricated with cavity volume reduction both in the lateral 
and vertical dimensions following our theoretical design rules to optimize the 
performance. Unlike the conventional air interface VCSELs, the 
metal-semiconductor interface design is important, especially for devices with a 
reduced number of DBR pairs. Among the various sizes of metal-cavity volumes, 
a few of the smallest devices are 1-μm in diameter with 19.5 top-DBR-pairs lasing 
in 0.1% pulsed mode, and 5.5 top-DBR-pairs large device can lase with CW both 
at room temperature. From the analysis of various sizes of diameter devices, we 
have found that further reduction of the diameter with a tall post encounters 
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significant problems with high series resistance and further reduction of DBR is 
also challenging because the top interface of only a few DBR with metal perturbs 
the resonant standing-wave phase reducing the reflectivity, and shifting the gain 
overlap.  
   To solve this problem, we have designed, fabricated, and characterized 
metal-encapsulated nano-light-emitters with bulk semiconductor in the active 
region. The first principle design rule is used to calculate the three-dimensional 
problem decomposed into a metal-coated waveguide problem, and we use the 
transfer matrix method to estimate the fundamental mode resonance and threshold 
conditions. The result based on this design rule agrees very well with the 
numerical three-dimensional calculation using the FDTD method. The device 
recipes have been developed by multiple iterations from the device 
characterization. Many improvements of the recipes developed here can be 
applied in the other device processing as well. The smallest metal cavity diode 
emitter with electrical injection is 0.086 λ03 in terms of emitting wavelength at 
room temperature. It is shown that the series resistances of metal-encapsulated 
nanocavities are much smaller than the metal coated VCSEL, suppressing the heat 
generation for the small diameter devices. Even though the cavity mode of metal 
nanocavity had not been observed in the earlier stage of processed devices, the 
fabrication improvement shows a narrow cavity mode in the metal nanocavity 
with a volume of 1.23 λ03 at room temperature. The cavity mode magnitude 
saturates with high current density by gain reduction and increase of metal loss, 
making it hard to reach the threshold condition. The dominant factor of high 
threshold gain for this device is radiation loss in the dominant wave-vector 
direction (vertical direction) because cavity length ‘L’ in this direction is so small. 
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Thus, it is the most important to figure out how to reduce the radiation loss in the 
wave propagating direction.  
   In practical applications, the edge-emitting nanolaser is desired for 
cost-effective light output coupling to planar lightwave circuit. From examining 
metal-encapsulated nanocavities, we have found that reflectivity saturates even 
with a thick layer of metal. This is due to partial transmission of field into a metal 
from the finite real part of the refractive index in the metal. To solve high 
radiation loss of the metal mirror, we propose novel nano/micro-cavity 
edge-emitting lasers using cutoff reflection of the fundamental TE mode from an 
MSM region. The devices are examined from multiple aspects for their function: 
qualitatively from the principle of operation, and quantitatively by the analytical 
study of reflection coefficient and numerical simulations by 2D and 3D models 
for practically designed devices. The numerical simulations including the metal 
loss suggest that room temperature lasing with a reasonable threshold material 
gain is achievable. We have also developed processing recipes to fabricate the 
device without any semiconductor dry-etching process. The preliminary electrical 
and optical characterizations of the proposed devices are performed showing 
excellent I-V characteristics with a thin hetero-junction diode. The light output 
curve shows super-linear behavior suggesting possible lasing in the cavity volume 
less than λ03.  
    
5.2  Future Prospects 
   To move forward with practical nanolasers, there are still many avenues of 
investigation. For metal-encapsulated nanocavity emitters, our electrical injection 
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spectra at room temperature show clear cavity modes, but do not reach the 
threshold condition. One of the potential reasons can be lack of material gain in 
the active layer. The device performances seem to be heavily variable from one 
wafer to another. This can be improved by wafer level performance evaluation to 
assist the quality of crystal growth. Another idea is using multiple QW active 
layers for better carrier confinement and gain with scarification of optical 
confinement factor.  
   The modal cutoff confinement laser is a new concept which is not previously 
reported. There is much room for improvement in device structural design and 
processing recipes. One of the immediate problems to be solved is the lateral 
optical output coupling. Since the modal cutoff idea can be applied for micro- or 
nanobending passive optical waveguide, it is natural to consider the integrated 
device of modal cutoff lasers with nanobending optical waveguide by patterning 
MSM structures. This may be the solution for ultra-dense photonic integration 
circuit in future, which includes millions of nanolasers transmitting optical signals 
through microbending waveguides confined by MSM modal cutoff. The concept 
of mirror gain is also fascinating topic to investigate. According to the threshold 
condition with mirror gain, it may be possible to have semiconductor nanolasers 
without gain in the cavity. Another interesting study is the high-speed modulation 
response by changing the mirror reflectivity in the MSM region. As a finishing 
remark of the dissertation, we believe that there are still many exciting topics to 
investigate in front of us. The future of photonics is very bright. 
 
 
